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COMPARATIVE RESULTS OF TESTS ON S!3VERAL

DIFFERENT TYPES OF NO~~Lj3S*

By Me S. Kisenko,.

.,
SUMMARY

This paper presents th~ results of tests conducted
to determine the effect of the constructional e’lements
of a Laval nozzle on the’’velocity and pressure distribu-
tion and the magnitude of’,,thqreaction force o“f t~e jet-
The effect was studied of the shapes of the entrance
section of the nozzle and. three types of divergent sot-
tions: namely, straight cono, conoitial with cylindrical
ond piece and-d,iffuser obtained cornputatlmally by a
graphical method duo to Prof~ssor F. I. Frankl* The ef-
fect of the divergence angle of the nozzle on the jet re-
action was also investigated. The results” of the. investi---
gation showed that the shape of the generator of the inner
surface of the entrance part of the nozzle essentially has
no effect on, the character of the flow and on the r~actionc
The nozzle that was obtained by graphical computation assured
ttie possibility of obtaining a flo~r for which th% velocity
of all the gas particles is parallel to the axis’of symmetry
of the nozzle, the reaction being on the average 2 to 3 por-
c~nt greater than for the u.sbal conical nozzle under tho
same conditions, For the conical nozzle the maximum reaction
was obtained for a cone angle of 250 to 27°- At the end of
this paper a sample computation is given by the graphidal
method. The tbs~s were started at the beginning of 2936 and
this paper was written at the same time?

,..,.. -=@.;--~ --.6...... .,

‘lhe.operation of certain machines and apparatus, for
ekample, steam or gas turbines, rocket motors, and wind
.--—— _---_-_-..--._.__--—-_.-._____._.—___________ —--- -
*Repoit Noc 478 of the Central Aero-Eydrodynarnical “Insti-
tute, Moscawf 1940.
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tunnels , is based on the transformation bf tie potential
energy Of the-gas c.onta,ined,in @ e,er-tiairilimited volllme
into kinetic energy of the jet flowing out ‘i~”a’cant”ai’ner
with a large velocity through nozzles of one type or
‘another .

For obtaining jets, with subsonic velocities cylin-
drical nozzles are used while conical nozzles ‘(Lavpl
no?zles) are used for supersonic velocities.

The theoretical velocity of outflow is generally
den~ted as that velocity WI which would he obtained
if the flow process were a rcv~rsible adiabatic or
isentropic yroces s’, that is , if tho condition were sat-
isfied

ds=o

or

Tds=de_~~,=O .
P

where

T absolute temperature of the gas

!’,[ 0 heat contdnt or enthalpy

s entr opy

P pressure

P density
.

Actual-ly the flov.procoss is not reversible and
isentropico The transfer of heat to the nozzle, walls
and th.o friction Of t$j’egas particles at the wafls lead
to an increase in the entrop:r so that always C?.s > 0.
The true velocity w will, therefore, bc lCSS than ~he
t’heoic+tic.alvelocity w’. The ratio of t~lrse t!:?o~e~oc-
ities is denotnd as-the velocity coefficient v = w/wl,,...’..,.,....,,..,.,,_.+.-..,.,,,,. ... ,,- -’=’+’.-=-.>.. ....

It should be noted that the?.transf ornat ion in the
nozzle of the potential energy into lkinetic occurs with”—.
a high degree of efficiency. T!hc velocity coefficient
q) even for a nozzle with rough inner surf?.ce is still

1’ i
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near.un,i.ty.and does not drop below 0.92. 130r nozzles
with a highly polished su~face and o“f”a “correct’l”$”“des”i”gned
shape q reaches a value of thd -o”rderof 0.98-.,

Another important criterion for judging the qualit,y
of a nozzle is the ratio of the true discharge G in
unit time to the theoretical discharge G!- This ratio
is denoted as the discharge coefficient through the nozzle:
P= G/G!.

!Che coefficients q and w depend on the initial
state of the gas, the dcgre~ of expansion of the ~a.s in
the nozzle, and apparently, on the geometric character-
istics of the latter. The values of q and v for
each nozzle are detcrinined. experimentally? In particular,
the coefficient q may ho comyu tedas the ratio of the
moinentuins o%ta ined experiacnta,lly to the theoretical
(assuming p = 1). (This a~sumytiori is adinlssib~e only
for comparison purposes.. In general, however, M is
always less than unity.) Thus , knowing the discharge
rate per”.second G, an? the force of reaction oltained
experimentally, and remembering that

P = :: = raw

while the theoretical reaction of the jet is

(+w8 .
?P’ =---= mw’

g

there is obta.incd

(1)

A correctly chosen shape of nozzle should assure
a flow with uniformly distributed velocities and static
pressures both in the transverse and longitudinal scc—

The direction of the velocity of <all
the parti>~tcs of gas-’‘#”H”o”til’d%% -parra+kel to tho axis of
symmetry of the noz”zle.

In the case of nozzles for turbines and rockets the
satisfaction of these requirements is necessary in order
to avoid losses in momentum. l?or nozzles of kind tunnels,



however, the conditiod of parallel velocities o: the gas
p~rticles”must he.-satisfi~d sin,ce+,o$herwise the,,,character
of the flow shout the bodies tested in the tunnels would
not %e simil& t? the I?1OW in free flight.

In this Paper the results are presented of teats
undertaken with the sp~,cial ~uryose of tietermining the
effect of the constructional elements of the nozzle Gn
the <agnitude of the reacti;bn of the, jet and on .t?~ec’aar-
acter of the velocity and pressure distribution in th~
flow.

TRS!i!I?ROCEDUR3

The reaction of the jet can he measured by two
methods . By one method the impulse of the jet is measured
with the aid of’ a disk filountednormal to the directica of
the jet and connected with a Ctynamotieter (fig. 1), Krlow-
ing the rate of discharge per second the tr’~e velocity
of the flow can be determined by the momentum equation.

Thus, if P is the thrust measured hy the dynamometer ,
ril the mass of air flowing per second assumed constant, and
w the flow velocity then by definition:

P=mw (2)

whence
P

w=~ (3).

The other method is based on the direct measurement
of the jet rea”cticn expressed 3;7 equation (2).. In general,
equation (2) is tialid enl:r in the case that pa - t~~e Wes-.
,ure .of the gas in the outlet cross -section Of the nozzle -

the pr~ssure of the external uedium-are strictlYand ?0 -. .
equal to each other. The nozzle satisfying the condition

pa ,=Po, will be denotedfas the normal or” computed. nczz~.e=

In the case of the inequality Pa + PG equation (2) must
I,.....*%*-----....... ....=
be replaced %y ‘tihe-=6’xp-r’es”sEi”on’------

P = m“w+fa(ya-po) (4)

where fa i~ the area of the outlet section of the nozzle.
!Phe last term on the right side of the abo~e equation is
the static term.”
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Actually a nozzle rarely operates under the computa-
tional assumed conditions and therefore the investigation
of the effect of the static term on the value of the thrust
is of considerable practical interest. In order to measure
the reaction of the jet by the second method an apparatus
was constructed (general view shown on fig,~o 2 and 3)0
The tube 1 serves to conduct the corz~ess,ed air to cylinder
2 which, with the aid of a flanget “3s connected to tube 1*
Cylinder 2 is surrounded on top by a jacket 3 which at its
upper end is supported against the ‘ball bearing 6 and can
rotate about cylinder 20 TO cylinder .3 on the two diamet-
rically opposite sides are.attached two tubes 5 and 5ati To
tube 5 is attached the weight 9 as a counterweight of chamber
‘7with the tested nozzle 8 attached to tube 5a@ A long thin
manometer tube is attached to connecting tube 110 In tihe
case where the working gas consists of the prod~cts of com-
bustion the spark plugs 14 serve to ignite the fuel mixture.
For the same purpose an opening is provided for mounting a
spark plug in chamber ‘7C To make cylinder 3 airtight a
labyrinth packing is placed between the outer gu~f.ace of
the cylinder and the inner surface of the jacket 3* MoT,e-
over, for the same purpose tile water between cylinders 2
and 3 was put under a certain pressure, greater than the
pressure in cylinder 2. The mater is ~.upplied through tube
13* In working with the products of combustion this water
serves also to cool cylinder 2. Practical operation of the
apparatus showed that the hermetic sealing of cylinder 2
was assured by the labyrinth packing alone and there was no
needof a water back pressureQ The fiber plate 10 serves as
a safety valve in case of a sudden rise in pressure tn cyl-
inder 2* Chamber 7 is supported at the bottom on the dyna-
mometer with the aid of Which the reaction $orce is measured,
The apparatus also permits the carrying’ out of a qualitative
comparison of two nozzles. For this p@pose, in place of the
plug 12 in chamber 7, a second nozzle is screwed in the re-
action of which is directed opposite to that of nozzle 8e

To measure tho rate of discharge of the air through
+he nozzle & so--called diaphragm is placed in pipe 1 (not
shown on tho sketch). The pressure difference h at the
inlet and outlet of tho diaphr~m is measured by a differ-
ential manometer of the, Yasin9ky type. The first term in
e“xpr&sl?WoWL””(’4’)fo’FW%e’r@.a6tion “forti~”.~$Wie ji5t; that is.,
the momentum, is measured near the nozzle by a dynamometer
with disk placed normal to”the nozzle axis, the distance
from the outlet section of the nozzle to the center of the
disk should not be greater than tvo diameters of the jet
in ,order to avoid the unfavorable distorting action of the
disturbed outside air sucked in by the jet?

. .. ..—— .. .. .— .-—.. ..—- —... —-. —.. --.- _..—
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The dynamic head Was measured With the aid of a
Syst’ern’”ofPitot’ tu~e%! rnm’n+.ed on the disk for .me.asuring..
the moinentum (fig. 4). the distance between the individual
tubes being equal to 5 millimeters. BY displacing the
tubes along the axis of the jet the true dynaqic pressures
a~ong the diameter and along the axis of the. jet may b.e
determined. L ‘“

Knowing the value of the dynamic pressure for a given
point it is not difficult by the known formula of Raleigh
(referemce 1) to obtain the true velocitym From numerous
tests it was found that the values of the”velocities ob-
tained by this formula are very nearly the true flow
velocities. ,,

Figure 5 gives the curve, computed by the Raleigh
formula, of the dynamic pressure in a supersonic jet flow,
as a function of the Bairst6w (or Mach) nurnher (m/c)@
This curve may be”used to determine the actual velocity
of the ,suTersonic flow (or the value of w/c) from the
dynamic pressure experimentally obtained.

The temperature in the chamber ahead of the diverging
nozzle was measured with a thermocouple. The temperature
of the air in the flow was determined on the assumption of
adiabatic expansion of ‘the gas in the nozzle by the formula:

(7)

whe me

Ti a;d pi

T and. P

k

.,

temperature and pressure of the gas 3n the chamber

corres-pondfng parameters after expansion

ratio of specific heats

The static pressure in the flow was measured by a tube
plac&d in tlhe)-.cg.au+wf,l-:o~ , w.it.h..<.i.~,,s,axi-s...Qa.ra,l10l_$0 ~he ve 10city
direction. Figure 6 shows the static tube mounted in the flow.

Besides determining the above thermodynamic parameters
the flow spectrum was also photographed by the Tepler method
during the tests-
\
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W@ JET .OF SUPERSONIC VELOCITY
... ,,,. ,,..,,,.. . ,.,.,.,,

In investigating the motion of gases with small
veloctty the phenomenon of compressibility is generally
not taken into account. The error in t@e pressure com-
putations of the flov? tiit,hthe compressibility ne~lected
constitutes about 2 percent at speeds of 100 meters par
sqconds,. At speeds of the order of 200 meters per second,
ho~everg this error is more appreciable and constitutes
about 9 percent while for w = 340 meters per second,
that is,” for flow velocities equal to thevelocity of
sound, the error reaches 27.5 percentk

Figure ? shows the law of velocity distribution in
the transverse cross-section and figure 8 the velocity
and static pressure distribution along the flow axis
for a conical Laval nozzle. As may be seen from the
curves the vc.locities and static pressures in. both i’n
the transverse and axial sectj.ons are not constant@ The
sharp, almost periodical fluctuations in the values, of
the static pres~ures arc explained by the fact that in
the sonic and supersonic flow a very complicated- system
of stationary vaves arisesb These waves ~ere ‘first ob_
served by Ernst Mach in whose honor they aro called Mach
waves-

To explain the physical nature of the Mach waves
a two-dimensional flow. with velocity greater than that
of sound is cons’iddred (fig. 9). It i’sassumed th~t the
pressure in the outlet cross section of the nozzle pa
is greater than the pressure porn of the externai medium.
At the outlet section at poimt A a disturbance then
arises as a result of the discontinuous pressure drop from
Pa .to PQ. Tlie rarefaction wave having a velocity always

equal to the local velocity of sound is propagated only as
far as the line AB, The latter is a “Mach wave and is essen-
tially the envelope of all the sound vaves arising at point
A, The Mach wave AB Is thus the boundary of the rare-
faction disturbance starting at point A. The expansion of
the gas in the region ABC from Pa ‘o Po produces a
..ch.a,g,g,g35.$,n~,t&$~.a:di,al,..,vel,ocities of the flov particles ‘as
a result of ~hich ~he’~i:’i%ct16n’5f’’”&hW&-’’fI’%-%“f”ro-ti’’ltgeAB
deviates toward the outside until the pressure. Is equal to
that of the outside medium (line AC) after .which the flow
qgain Becomes straight. In the case where the pressure in
the outlet section of the nozzle ts less than -the pressure

I m.mmnmm-,-——.. m .,. , ,,SSB ,.-- ..,, . . ,, -... .- —.-. . . ..—- . . ...
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of the outside medium, that is, Pa < Po* the deviation

pf, the flow .will be dire,.?t,?,d i???%r..!.. !l!herefo~e in the
f“irst case, that is, Pa 7 Po the di~meter .of the flow

will be greater than the diameter of the outlet section
Qf the nozzle while in the second case, Pa < Po the,

diameter of the flow will be less t“han that of the out-
~et’ section. In this case the line AC is abseu.t from
the flow spectrum, Thus in “a flow with ax$al symmetry
the expansion due to the inequality of Pa and P.
wiLl occur. in the region included between the two contctal
Mach surfaces with the eor?esponding generators AB and
AC., In the r~gion lying ahead of the Mach line AB the
disturbing effect of point A is en”ttiely absent and the
pressure in this part of the flOW remains equal to the
pressure in the nozzle cross-section.

The angle of inclination of the Mach wave a is
determined by the ratio of tbe >ocal velocitY Of 9ound
to the velocity of the gas before expansion and the a~gle
a’ by the same ratio after expansiom$ that is,

(8)

The Mach wave diagrams of the supersonic plane-
parallel flow for pa > PO aud pa c P. are shown in

figure 10 and 11. The spectrum of the flow for Pa ‘Po

5s considered. The rarefaction’ wave AC on reaching the
boundary layer of the jet is reflecte~’tovard the in~fdo
of the jet in the. form of compression waves (the compres-.
sion waves are drawn full line and the rarefaction waves-
dottea), In regions 2, 3, 5.,,and 6 the static pressure is
equal to the pressure of the surrounding medium~ while 3?
region 4, separated from the outlet section”bf the nezzl~
by a distance of two rarefaction waves,’ the prevailing
pressure will be lover. In;region 7, immediately behind

the pressure will be the same ,asthe compression waves>
in region 1, and there is, therefore~ a definite disturba-
nce period present. Analogous considerations ap~ly to
the relations o’f figure 11:” The waves +C and AIC1 ~n.,.,..
thig ’-dase”~~%=l”b~’””com?messi o~””waves and there will be
corresponding regions of increased and lowered pressures*.

The above description of Flanq-pa?all+l flow cannot
without reservations be ent$rely identified tiith the flow

I –—----- ..
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with axial symmetry because the actual flow is three
%z&..= dimensional. and a Mach wave Till..be ,fOrm.ed_..atga,ch.point,,
,.; on the circumference of the outlet section.
:Jq
“\,.,

k+
#

The Mach waves ❑ay be formed not only in the flow

d

behind the outlet section’ of the nozzle but also within
i<~-! the nozzle, The latter waves will occur only in ease

~g the nozzle has a large divergence angle, as a result of

?$Tm which the. flow separates from the “walls even. wit,hin the
.*;% nozzles, Qr in case of a very rough %nner nozzle surface.
(>&IT),F+
p On the basis of what has already teen said the con-

!

?,.? elusion may be dramn that the nonuniformity of the static
~.!.,! pressure distribution in the supersonic flow Is expla5ned

hy the pres~,:nce of Mach waves.in the flomci.?1.
Thig conclusion

Kf} is entirely confirmed also by the results of the tests con-
k,$ ducted. Besides the effect of the stationary sound waves~)

the friction ~f the gas particles at the nozzle walls and!$
at the external medium also .affe.ets the ‘transverse and

# axial velocity d~$tribution”.
f!
T

“ ;’ There $s still another factor that must be manttoned
,!,., which affects the velocity distribution of the flow. AS.!

test results have shown,.’ the ditameter of the f~ow, with
increasing distance from the Qutlet section of the nozzle
increases as a result of the sucking in of the outer air,,
by the jet. This suction takes place with simultaneous

~,$-,,. decrease in velocity along the jeto To investigate this
& phenomenon the following tests, were conductors A screen
t):,
‘J

of this constantan wires stretched on two porcelain rods

% was mounted near the jet escaping from the Laval mozzlec
Lj‘ The wires were heated to a red heat by an electric current
Y
$’ passed through them. The Tepler photograph (,figp 12)

~
shows clearly the direction of motion,’of those air particles

I

vhich before being sucked into the stream passed by the”

\:
heated wires. As may be seen from the photograph the.suction
begins at the Qutlet section of the”nozzlec

# Wviflently, with
increasing distance from the noz,zle the quantity of air sucked

!i
1‘“ into the air stream increases and, therefore the flow velocity
I,:,?.. correspondin~ly decreases, the decrease b“eing ereatest at the ‘\\*’

bouidary layer.
j~,
& ..... ,.
~.-

“aZ’t-sh~o@d a~so~.”~be.-ment.ioned,.t.hat-the.flow obtained for
nozzleg tiith. pa 4 PO vil~ alvays have nonuniform velocity

and pressure distributions as a result of vortex formation
and the dissipation 0$ thQ jet at the outlot section of the,,
nozzle,

,
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The nozzle cavity (figi .13) Is divided into two
parts i 2he first part converges tovard the nar~ovest ,
critical section while the second part iS .@ d~vergfng
cone having an 8° to 12° cone” angle;’ Thq eff%ct of each
of these parts on the.charaq$er of the flow and on the
magnitude of the reaction fo~”ce of the jet with the,,o%ti’
ject of finding the most rational shape of noz$le is tb
be considered.

Converging Part of Notiz~e

In this case if’the flow into the noZzle i~ $rom a
vessel whose volume is many times greater than the volume
discharged per second the velocity of the gas at the con-
vergent section is generally neglected so that the shape
of the first part is lik~wise not taken into account,c The
only requirement for this part of the nozzle is that it
should be carefully rounded and that it should assure, a
smooth flow of the gases. The smoothing curve is ch:psen
on an intuitive basis. Considering, however, the motion
of the gas in this part of the nozzle as analogous to the
motion df a fluid in a curved channel it may be concluded.
that as a result of the curvatur6 of the path centrifugal
pressures occur in the flov. The direction of these pres--
sures Till alwggs be wray from the center of curvature.
Hence in the first part Qf the nozzle the pressure near
the axis will be greater than at the walls. Near the crit-
ical section the opposite will be true since ‘at this place
the curvature of the walls is reversed with the center of
curvature outs%de the noti%le cavity. It is thus clear that
the pressure and.vel,ocit~” distributions” in $his part of the
noz~le mill depend on the radii of curvature of the inner
surface of the nozzlf3. From investif:ations of the nozzles
of mind tunnels of supersonic velocities in various aerod-
ynamic IaboratoriQs the dependcnco of the, charact~r’ of the
flow on the sh~pe of the generator of the inner surface at
~he-en-t=ranc~--par.t.o-fi..the.n.~zz..~.?..?.as ,eqta21$,,sh@&.o,....T.h.vozvoz?les
of wind tunnels of subsonic velocities have no second (4$-
vergent) partg

Figure ?,4 shows the distribut$qn of the dynamic pres-
sures q in the flov cro6s-secti9n for two nozzles with

. , ,,,,—--- , ,,..—, ,. ., - ,.,,,,,.., , .— .—
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different shapes of entrance parts and figure 15 shows the
distribution- of ~he dynamic pressures q and .staticpres-
Su??cs X along the axis for the same nozzles (reference 2).
The dotted curves were obtained for nozzles for which tho
generator of the entrance part is a lemnisgate and at the
outlet is an arc of a circle’ (CAHI 3?=5). The continuous .
curves wered obtaine4 for nozsl~s whose inner contours ~eve
constructed by the formula

r.
r (9)

mhe re

r.

rl

r

af~

radius of the outlet section

radius of the inlet section

variable radius at the distance z from the origin
of coordinates

length of the projection of the curve on the z-axis

Frcixnthe tests conducted at CAHI’ it vas found that it was
best to take

This formula was obtained by Wftoszynski (reference 3)
and represents the case of a particular solution of the
Lap’lace equation for the stream function (referenc&; 3)A As
may be seen from figures 14 ahd 15 the velocity and static
pressure distributions in the flow are more satisfactory
for the nozzle computed by Witoszynski.

. ., With. thg ,o~,jectof determining ,the effect on the re-........
action force of the shape of the first part of a nozzle

.,.

having also a “diverging part (Laval nozzle) the fo,llovlhg
tests mere condu’ctedq Three nQzzles ver~ prepared::l, 2,
and 3 (fig- 16), for which the diverging parts w~re entirely
the samet that is, the diameter of the outlet section da,



NACA TM NO* 1066 12

..

the diameter of the critical section d= and the cone

angle cc mere ..equal.,bu$...tbe. shgz,~esxW. .’the;eng.ran.cq parts
were different The shape of the curve for the ‘entrance
part of nozzle 1 was constructed according to the Witoszyn-
ski equation, Nozzle 2 differed from nozzle 1 in that the
former, had two rings at the entrance” part. Finallyb nozz16
3 had a nonstreamline shape for the entrance part. All

threQ nozzles were computed for V,/c = 2.64,. The thrusts
of the nozzles were measured by the reaction method on ,tlie
apparatus previously described”. In table 1 the values of
the measured thrust and the velocity coefficients qI cQRl-
“puted by formula (1) are given.

!

~ozqle P kg Y

“+

Percent
.——-

1 30.3 0.965 100.’
2 29.9 ,953 98,7
3“ 29.8 .950 9802

l“.

The magnitude of the theoretical impulse PI ‘ilS,s
determined on the basis of the follovinq considerations.
The thermodynamic parameters “of the air in the chamber
during the test ~ere taken as the following: pi = 21.5
atmospheres, Ti = 273 . Remeinberin? that the flow is
open the static pressure in the flon nay be taken approxi-
mately equal to the pressure of the external medium, tla.at
is, p = 1 atmosphere, The temperature of the air in the
flow was computed by formula (.7)

The theoretical absolute velocity of the flow was
found from the equation

.,, . . ,,, ,, .,,,,.,,, .,,, ,--..-...---.----..-.—————

,/

.. . .. -., ,, k-l

J 2g ~Ki ‘T[~- ($?-] (lo)
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and t$e theoretical discharge per secdnd through the
nozzle--obtained from the expression .

G
T?tfa

=,,- (11)
v

where v is the ppe’cific volume o“f gas in the flow. sull-
stituting the numerical values there is obtained

T = 1150, Wt = 565 meters per second, G=O.545 kilogran

per second. Hence the theoretical thrust of the nozzle ts
equal to

0.545
p! = MT! = 563 = 31.4 kilograms

9.81

The maximum thrust obtained Srom the tests on nozzle
1 was equalto 30,3 kilograms, Asmay be seen from table
1 the values of the velocity coefficients obtained for
all three nozzles do not exceed the limits of the values
usually assumed in the computations. For nozzle 3, having
an entrance part of unfavorable shape the velocity coeffi-
cient is 1.8 percent less than the value 100 assumed
for noz%le 1; for nozzle 2 q v~s only 1.3 percent les50

It must be said that the effect of an improvement in
shape. of the first part of the nozzle on the coefficient Cp
is negligible and lies within the l$mits of experimental
err6r. Remembering, howewer, that the values of q, WQre
obtained as the average values of a large number of tests
(not less than 15 tests for each nozzle) these values may
be-considered as entirely satisfactory.

The flow spectra obtained bythe Tepler method are
similar for all three nozzles. Mvidently a change in
shape of the first part of a Laval no~~~~~ ~~a~ no effect
on the velocity and static pressure tlistri3utions in the
f.lov,

.,.,.. ... ,.,, , ,,., .

- Divergent Part of the Nozzle

Depending on the ratio of dimensions of the outlet
and cri’tical cross-sQction.s in the conical part the expan-
sion of the gases is accompanied by a drop in pressure from

——
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that at the c?itical section pc = 0.528 p$ (for afr). ...... .
to the ou~stde pressure. In the-caie efnozales for ~
which the ratio of the @one diameters waft a$sumed greater
than the design value tha press~re $nwide “the ooae n?ay
&rop below the pressure of the external me8ium (back pres-
sure )Q AS a result ‘of this expans~un the. pressure rise at
the out%et occurs abruptly being accompanied by a loss in
VO%Qc$ty*

The character of the velocity &&d %tatic pre?sure dts-
trtbutlon in the flow fbwn’a confcal nozzle depends eltlefly
on the structural el~ments of the second part, that is, oa
the rabio da/do or’,for a given Isng#h of ntkzzltion the

divergence angle ct and also on the contour of the inner
surface of the nozsleqt

Po8sessidn ef a gmmralsol%ttion of the problem of the
optimum shapq of the divergent part of the nozzle is not
yet obtained. Some inveqt$gatwtst it is true, have succeeded
in 8Q3vizag this prob~em~ expe”r$mentally, for certain condi-
tions. Stanton fo~nd empi?ica~ly the qhape of the nozzle
for the wpersonic velocity w$nd tunnel at the Natianal
physical &~borato9ya This nozzle gives a flow free from
Mad ~aves in the vorking partof the tVnnel, The Stanton
nozzle differed $rom the us,ua% Wval nozzle Ii that the
divergence angleoof the cQnical part d$d not exceed 5° as
compared wlt’h 10 to 12Q.usually assumed for the Laval
nozzle.., $n addttlon the contcal part of tho nozzle smoothly
passes over into a eyl~ndrical pieceat the Outlatm .

i’ “



1 !5
2 15
3 25
4’ 30
5 80
6 40
‘? 40
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I

50
1; 50

x90
196
185
200
1/35
395

0
0
Q
o

.,

8
9
3

$3
$
9

110
-110

11

12
13
14
$5
16
1?
$8
X9
20

50
60
60
60
70
‘?0

::
90
90

-

(a?m )
. . ..-.

>.20
1,40
1.40
X.4(I
1.2!5
1.25
,910
~922
?624
,624

.
from the data of table 2 the curve of *tatic pressure dts+
~rtbution along the flow axis “was,.fis’awn(fig; 18). As
may be seen frcm thq quv~ the static pre$su’fiedistribution
is axtreme%y va~iabley Tha presa~re gradient at the cente~
of the jet reaches a valuq Qf th$ Grihr of *0*4 atmosphere+
In order to elim”inqte the effect of possible- ae$idontal
qrrors the @measurements $QY a few points were repeatedon
variOUg dqYsT ~he scatter Q? the test ppints obtained in
cqrtain cases RIGY apparen$~y be ezp$kived by the effect of
th~ variable atmospha~ic conditions (temperature and bar-
metric pressure) not *&ken into ‘accounts

(30mparing this qurve”mith tkat of the statiq pressure
curve at, the, cq,pter p? the flow obtained by Stanton for the..,.+.
usuat con$qal nozz%e ‘(fijj’’’8)-~heagreement ofthe law .o$
variatiQn of stattc pressures al@ng the axis of the flow
@an be readily estab%ishq~e The curve given Ilerc!is “-
reve~sed (mirror ref~ecti”QxI) with Tefspeet to the Staqton
curve. a fact which is evidently explatneii by the dlfferont
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>, .,.,, shows. the .curv@ of vel.o,c,$ty dt$}.ribqt$tin (w/c ) measured
along the flow sxisti Ag may be seeti”f~&n the” curve”’’the
velooity at the center of the jet Wer a distance from
50 to 90 millimeters from the outilet section is almost “
constant. Yur the conical noq$lq (figF 8) the curve
Wla cantiot be assumq’d constant over any part o: th%
flatP*

Tests w?re al?o condvcted for measqring the statte
presOure P? at vqyious dletaq~es r frum the flow axis.

The result’s of these tests are given in table 3.

I
40 6

60 ?

50 10

70 10

TAJ!LE 3

P?

(atin)

. X*OO

1.00

3.26

i.w

1*2O

(A)
(center)

—.

The pressures at the center of the jet are greater
‘than the pressur~a qt the periphery,

The crhss-qectlonal velocity distribution .$er the”
8’&UTl~ nO%Z&q, aq may be seen from the experimental test
curves(fig,t9]t is more satisfactory then for the cgnf.ca%

j, Laval nwt%.ls ~f%g, 7)9 On th$.s bas$s it I@y be c’onc~uded,’. that the conotdal shape with cylindrical end ptece gives
a considerably better {cr~ss+qcttonal E$n6 &Xi@$).:Vel,OC%tY,,

h ,,.,dfstriuut~,o~mthan the LavaJ YIPZZX?. S!heIIQmUQi$Qrmity of
tliii’’-gTiWie pr6s4”Wa”’ id”; $Wi3veW~ ulgo- maintained fo* ta~
cono$dal no?zle. ‘
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.. . . . is ,an application of the method of Prandtl and Busemann,
developed” hy them for plane-parallel flow, to the case of
flow with axial symmetry.

Figure 20 shows a nozzle constructed graphically by
the Frankl method. The dotted lines indicate the contours
of the usual conical nozzle with the same ratio da&

as for the Trankl nozzle.

Figure 21 shows the curves of the statio pressure
gradient along the flow axis for the Frankl nozzle for
Wfc = 1.4’?* !l?he’pressure gradient for the design condition
(Pi = 3049 atm] does not exceed 20*02 atm., For the ’case
where the nozzle operates at other than design conditions
(Pi * 4 atm) the axial static pressure distribution is less
satisfactory as compared with the” design conditions. Vhe
same figure gives the curve of velocity variation along the
flow axis. As may be seen from the curve tile velocity re-
mains constant at a distance of 30. to 90 millimeters from
the outlet section-

For the same nozzle tests mere conducted on the trans+
verse velocity distribution, The results are given on fig-
ure 220 For the design conditions (full curves) the veloc-
ities over the cross-section are uniform with a slight drop
at the boundary of the flows Near the exit section of the
nozzle the nonuniformity of the velocities is greater. The
dotted curves show the velocity distribution for pressures
of 4, 5, and’ 6 atmospheres@ As may be seen from th~ curves,

~ the Frankl nozzle for other than design conditions gives a
flow with nonuniform cross-sectional velocity distribution,

For the same nozzle the reaction of the jet was measured.
It was found that the thrust for the nozzle computed accord-
ing to Frankl is approximately 2.5 to 3 percent greater than
the thrust of the u$ual conical nozzle with same da/a

ratio, In the case of application of this nozzle to r~cket
apparatus, however, it is necessary to take account of the’
fact that the length of the Iirankl nozzle is almost tw’ice
its’ equivalent conical nozzle. Therefore the heat losses

*L? ,over $~’+,nozzle surface during prolonged operation of the
roc%et mo’i’?ii”tiill be gY%”#tet ‘than”’for ‘t-hecanical. nozzle.

Simultaneously With the tests for w/c = 3.47 tests
were also conducted for the Frank% nozzle for w/c = 1.47,
1062, 1.76, 2.06* and 8.64. Thq curves 0$ dynamic and static
pressure distributions obtained for these noqzles are similar
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,,.. to the. curves for the noz~le for w/c = 1.47. The pressure
gradient along the flow axis for w/c *’2:64 is given in
table 4..

TABLE 4
-,

,.

‘H (mm) o 2,0 40 60 80

: I

100
.

J P (atm) O*95 0.90 1.00 0’.99 .0,90 1“.02

!.

The cr,oss-sectional velocity distribution for the
,same nozzle is shown on figure 23. Unfortunately, the
investigation of the nozzle flow for w~c = 2.64 ,WaS
carried out at the sections ne,ar the outlet of”the nozzle.
(20, 30$ and 40 mm) and, as previously stated, in this
region o.f.flov, for the nozzles computed by the Frankl
method, ‘a certain nonuniformity 1s observed in the weloc-
ity dlstributton~ As the distance from the outlet edge
increases, however, ‘the character of the velocity distrib-
ution improves.

The lack of uniformity of the ‘velocities at the out-
let section of the, nozzle may be explained by the fact that
the back pressure at the outlet is not exactly equal to the
computation value due to the variation Of the barometric
pressure. For this reason near the outlet section disturb-
ances ap@ar which affect the character of the #lowO In
order to assure the rated operating conditions of the ‘
Frankl nozzle it is ne’cess~~y each time to choose the mag-

., nitu~e PI as a function o-fthe atmospheric pressure main-
taining the design ratio ‘Po/Pi;

As may be seen from the curves of figura 23, on a>
preaching the boundaries, the velocities are not lowered
for the part of the flow investigated and the test points
lie on one line. This is evidently explained by the fact .
that at large velocities in the flow region n~ar the nozzle
outlet section no mixing of the gas of the bdundary layer

FJ r. !-

with “the out Sid,e--+ai.r-.occ.ursl “.,T.hebgunda.?y l,ay,er,particle.p
having a large for~ard velocity form a% it werd a firm Tall
relative to the outside medium and the’ flow occurs with
small friction in the’ tube formed by the. surrounding air..

In passing from the computation pressure i,n the chambe?,
Pi = 21.5 atmospheres to 22 atmospheres the uniformity of

:.. , (.,.1 ,-, -, ,,, ,.,.,, ,,...--,.-, . ,.-. .,...-... -——.— .—
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,.,... the velocities is maintained ~ith a slight increase in
the velocity” in absolute value. .-..

Figures 24 and 25 show the flom spectra obtained for
w/c =S 2.64 with the conical Laval nozzle and with the
nozzle computed by Framkl. Both nozzles have thq same
ratio aa~ac .,and the dame pressure in the chamber p =

21.5 a~mospheres~ In order to maintain the same external
conditions (atm pressure and air temp.) both photO~ra@l~
mere taken on the same day. As may be”seen from the photo-
graphs, instead of the complicated syst,em of stationary
waves formed in the flow of the conical nozzle only weak
Mach waves are observed in the Frankl no~.zle. Moyeover
the flom in a latter remains cylindrical over a considerable
distance from the nozzle. In the ideal case, that is, for
Striqt maintenance of the’ ratio PofPi and careful polish--

i.ng of the walls the Frarikl nozzle should not give any Mach ‘
waves in the flow at all.

It has already been shown that to satisfY accurately
these conditions is almost impossible due to the fluctua-
tions of the atmospherical conditions. Hence the Mach
waves in a supersonic flow are unavoidable”; but their
intensity, as aay be seen on figure 25, ie very.small in
the Frankl nozzle.

Iti conclusion it may be said that of the three possible
shapes considered of the second part of the nozzle; namely,
(1) the conical, (2) conoidal with cylindrical piece, azid
(3) noz Zle cdmputed by Yrankl, the latter best satisfies
the requirements imposed on the nozzle. An example of a
nozzle computation by the Yrankl method is given.

YOffecteof the Divergence Angle

From what has previously been ssvid it is clear that
the cone angle of the second part of the nozzle may be
either constant along the nozzle axis or variable. The
most favorable nozzle froq the point of view of the heat

,-. ..lg.s.gesshouldhave the maximum possible divergence since
the ~eng$k-’’?iiiii,giifif’~c~’‘area will -thenbe the least. . -

With the object of investigating the effect of the
cone angle on the reaction a number of nozzles with con-
stant ratio dajdc = 1.73 were tested, the cone angle being
varied from 10° to 30°. The pressure and temperature of the
............
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>-. . .air.. in ,the chamber for all tests were constant and equal:
= 21.5 atmospheres,pi ‘Ti = 273’0 alrsoluteo -

~. Figure 26 shows the dependence of the nozzle thrustL on the cone angle for rated and nonrated operating con-
ditions. For the assumed,...initial thermodynamic parameters

., of tbe air and,$or the design conditions the mgst favorable
value of the cone angle evidently lies near 25 since mfth
further increase in the angle the thrust q-urve ~emains a&-
most parallel to the axis of abscissas. It”may ‘oe stated
that the magnitude of thq reaction. depe@s very little on
the divergence of the nozzle. This conclusion agrees with
the results of the tests conductad under different condi-
tions, in particular for non~tat~onary flows. To arrfve

,, at more d~finitd conclusions it would be necessary to con-.
duct tests on nozzles with cone an@e greater than 30° in
order to determine the point of inflection of the s.urve of
reactien force.

In addition to the tests described above, measurements
were made on the reaction of the jet for a nozzle with cone
angle ~ = 12° “for various values of da/dcs obtained by

simply shortening the same nozzle. The results are given
on fi~.ure 27. The theoretical values of the thrust pth
are computed by formula (4). The maximum test value df
the thrust was obtained for the design ratio ‘a/at = 1.73 ‘

and was equal to 18.8 kilograms~ For dald= = 1, that is,

In the absence .of any divergence the thrust was equal to
17 kilograms, that is, only 11.0 percent less than for the
design nozzle. Therefore $n working with a cold gas, when
no heating occurs, the part played by the divergence of the
nozzle in producing the thrust is relatively small,

These tests also made it possible to determine the
character of the changes in the two terms entering the
expression for the nozzle thrust (equation 4). The results

I are given in figure 28 from ’whic,h’it is s.een”that
creasing value of pa

;’
the value of, the component

rapidly drops’. On table 5 the relative values of
, components for certain values of Pa are given,
=>.. ,..,*La,-.*>Y_*-~ .... ...A,e.,- ... .. ..:~.,..,.&,_.-.-. .-...e

k
r’;
}.

I!!‘~

, ,,,,. ,,,-,. -. —,-— .,, , .,,, ,, , , , -—,- ,.-. .. .. ..--,-,--—-.. ,,

with in-

b%h

/
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....,,,,. .. TABLE 5-, .,, ,., .> ,,. *

pa (~tm) 1 le6 2.8 5*4 il.2

P (kg) 22.7 22.5 22.2 21.0 20.1

mw:P 1 0.95 k 0.89 0,80 0,605
—..

fa(Pa-Po):P Q 0.05. 0.11 0.20 0.395
i

As may be seen from the table the value of the static
term increases’ with increasing “pa ,and for pa = 11.2
atti~,spheres constitutes 39.5 percent of the, total thrust
of the nozzle. For the usual conditions; however, when
the lowering of the back pressure, due to inaccurate com-
putation of the nozzle or to a change in the atmospheric
conditions, c%oes not exceed 0.5 to 0,6 atmospheres the
magnitude of the static term does not exceed 5 percent of
the total thrust of the nozzle. The t“otal nozzi.e thrust
slowly decreases with increasing pa

in the discontinuous pressure change

due to the losses

at the nozzle outlet.

CONCLUSIONS

The results of the conducted tests provide a basis
for certain conclusions which should be tal$en into account
in selecting the shape of the nozzle:

(1) The shape of the entrance part of the nozzle does
not show any large effect Gn the character of the flow and
therefore the choice of axiy particular shape is conditioned ‘h!
chieflyby the structural considerations. ,,,.

(2) The nozzle wfth exit part conoidal and ending with
a cylindrical piece gives a better velocity distribution in
the transverse and longitudinal sections of the flow than
the Laval nozzle but with regard to the static pres9ure dis-+a
tr%BV$:SbW-ft-’rdoevnot- d-if.forfr.gg.,th~.us?al conical nozzle.

‘,. .,,

(3) The noZzle computed by the Frankl method gives a
parallel flow with unfformly distributed velocities and
static pressures both in the transverse and longitudinal
sect%onse The ’reaction of the jet obtaiqed with this nozzle
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$s ~n the avur@g@’~ *Q 3 percent greater than in the usual .>.
riozZ16 “under the” same- conditions.

. ,.

(4) The maximum reaction is obtained for a cene angle
“of 20* to 25° and for the normal value of da/dc$ that is,

under the condition that the pressure at the outlet section
of *he nozzle is equal to the pressure in the surrounding
medium. In the alsence of the second part of the nozzle
the reaction is found to be 11.0 percent less than for the
com”puted nozzle. “

M3L4MPLE OF NOZ2LM COMPUTATION BY THM FRANKL MMTHOD

The theoretical basis of.the graphical method df con-
structing a nozzle of axial symmetry together with a short
discussion of its practical applications is given in the
Frankl article (reference 4). In order to make this method
available nut only to engineers but also to less qua13.fied
workers..adetailed numerical computation of a nozzle for a
‘Velocity w = 900 meters per second is given.

The nozzle (fig. 29) is divided into four parts:

(1) The part of the nozzle in whioh the air is colI-
ducted to the critical sectio~,

(2) The critical section (throat) (

(3) The part between the critical section and the
streamline part “of the nozzle, the generator of the sur~

“ face’of this part being a straight line (s&~)

(4) Streamline part of the nozzle whose generating “-
curve is obtained by the graphical method

I,.
The shape of the curve of the f$rst part of the nozzle

isnot ‘computed but is chosen arbitrarily on the basis of1,’” considerations of smooth conduction of the air to the critical
I Sectton. To compute the critical section it is necessary to
~-’,hav.e .~ata,,o.p-..Qg,g,,in$tial condition of the atr in the chamber

(before expansion in the ‘nozZIe ) azs& know the mskq--of disc-
harge per second thro~gh the noszles These aata are gener-
ally obtained by a preliminary computation+ The tnttisil
parameters for computing the noqzle are denoted: by the fol$o~~ ,
ing symbols:

,, .

~!
.IL . . . . ... .
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m... G ~~.rat.oof discharge of the products of combustion,
kg/see ‘“ ‘“” ““ “ ~~~~ ~~~~ .,...

fi initial area of the entrance part, m~ .,

Pi initial pressure (pressu,re in the chamber), kg/cm2
,.

vi initial specific volume ‘of air, m3/kg

‘i initial absolute” temperature of the air

Wi initial velocity, m/see

With these values given the area of the critical
section fc and all the thermodynamic parameters associated
with it are obtained:

Tc, WC, and Vc

Since in rocket motors and in wind tunnel$ of large
velocity it is de.sirahle to have velocities much greater
than the velocity of sound

k

\

Po
—>$ where
Pi p = (L?)z

with this in mind use is made of the corresponding formulas
of the flow of gases, given in any book on thermodynamics.
The process of expansion of the gas in the nozzle Is assumed
to be adiabatic. From the formula”

the area of the crttical section of the nozzle may be
determined. The parameters of the gas in the critical

*. section-wa-rhe,,de,t,qqg,inedfrom the following ‘expressions:~..-... ~,.,,,wk.. ,..-.-.... ,

r —.-...— ““ /-—-—----
ag~ pivi =

1

ag~ RTt ‘‘c =

J
k+ 1 k+~ “.

(2)
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.. .. . .. . .”.,,,-..,,

,.

,. ...

Pc

../~.&.,

=Pi~
()

,, ‘-$
(Y)Tc=Ti %.,, i

‘c = ‘i

Beyond the critical sectton the

24

. .,
(3)

.

(4)

(5)

third part of the I
nozzle legins in the form of a diver ing” cone~ The cane
angle a is generally ch,osen from 850’to 12, , The ‘fourth
part of %iie nozzle is .~ornputed graphically. In order to
make use of the method of characteristics $n constructing
the boundaries of the flow, it is necessary to know the
value of the velocity in the direction of the lines of flow
at the start of the fourth part and the area in this section
and the direction of the wall of the third part must be
known. , Knowi:lg the cone angie the position of the wall of
the third part is determined and therefore also the direction
of the streamlines at the beginning of the fourth part of
the nozzle.

Taking any sectfon x at a certain distance from the
critical section and’ being given the ratio of the veloc%ty

‘x in the section x to the velOcity in the crftical
section :G 9

that is, Wxlw ., the area of the nozzle at
section is found, that !s, at the beginning of the
fourth part from the following relations:

or

.’ ., *
,, .

fx =fc35 ‘“

‘x ~c
(6)

!fx =.35 .:. . ..... ,(7)
‘x ..

The entire graphical computation of the nozzle is Gon--
ducted with the aid of two gra~hs; (1) the vector dfagr~m of ~
\ /
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x-r the velocities in the system of @oOrdinates ~rs vzv
/ the radial ~elocities bein~’lai’d” ‘off”on the vb-,axia..

and the axial velocities on the Vz axis , and (2) the
graph of the axial section of the nozzle (half of it) in )
the system of coordinates r, Z, the axis ‘z coinciding
with the axis of symmetry of the nozzle and r being the
variable radius of the inner surface of the nozzle. The
direction of the Mach lines i.k laid off from. this curve.

The direction of the Mach lines. is determined from
the Prandtl -.Busemann method with the aid of a rotating
semi-ellipse made of a transparent material (celluloid or .
tracing paper)~ The semiaxes.of the ellipse (fig? 30)

----i
are a=l and b =

J
kk~” where
k-l

k is the speqific heat

ratio (for diatomic gasqs k = Cp/Cv = 1.405). Bor the

value a = 1 any linear magnitude (100, 200 mrn,.etc.)may
be assumed with the condition, however, that the scale
of the ellipse and velocity diagrams should be the same-
The scal~ of the geometric parameters of the nozzle is not
connected with the scales of the Qllipse and velocity dia--
grams, In general the entire construction, both the vector
diagram and the axitil cross-section of the nozzle may be
made in absolute units,

In constructing the wall of the fourth part of the
nozzle the condition is assumed that the streamlines at
the initial section of this part (section x) ~re straight
and radially directed from the point of intersection of
the nozzle axis with the direction of the walls of th,e

.

third part. The potential line ip this case will bean
ara of a circle vith its center at the p“dt~t of interjection
of the streamlines.? The radiuq of this arc in the coorai~
nates VrV~ will, therefore, be equal tQ the chosen ratio
Wxlw= (assumed scale) and in’the coordinates r, z its
value is determined by the diameter of the critical sectiion
and the divergence angle of thq nozzle.

‘/ After determination. of th~ magnitu~e and directio~”of
‘ .$&,.%j?~.&+C,~tYtn the intial sevtio? of the fourth part of,m..,

the noZzl~* p~~~e~d t~ ‘the g~aph’$cal -const.r.uckion ,of,the
walls of ‘this part,,

For greater c~earness t~q illustrative computation
with numerical data iq wad~~ The no??lq is designed to
give a flow with tbe fo%lQWiDg p@rf%xneters$
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,. .,., 2.033 dug:Pa =.,.

Ta = 288° abs.

v= = o.8~5 Ill%g

~ it gc)o An/see

G = 1*5 I!cgfsoc

Then .,

gtatic pressure in the flow,...,...m.......,, ...,.. ,, ,-.,
temperature of the air in the flow

spec$fic volumo of the air in flow

velocity of the flow

(wa = 1*5 x 0.23.3
fa=— ~—., .......— = 10’36 X 10-3 ma

w“ 900

whence

da’== 41,6 mm ~ 42 mu.

‘lhethermodynamic parameters of tlu~ air in the chamber
(before expansion tn the nozzle) is determined

“.

,

Iinowingthe, tnitial conditions the geometric and
thermodynamic parwneters in the critical section mtth the
aid of formulas (t) to (5) may be determinode Carrying out
the oor?esponding carnputa~ions

,,
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-., .,, ,,

/

-—— .,,

fc
de = = 24 mm;

0.785

,.. .—.. ...

I?c = 481 m/see

PC = 11.35’kg/ca2

‘(?c = 0.144 m=/kg

To determine the parameters”at
fourth part, that is$ at section x

m
2= l&05. tie.
w
c

= 100$~x .

Then k

[1

7FX2
%=$

1 -~

2g ~ RTi
k-l

the start of the
there is assumed

we = 505 in/s13c

= 30.6 kg/cm2

1

The area at section x will be

w ~
fx-’.w = 466 mm=

~x

whence

,’.,,
4X. =24m2mm ,...

‘--l.Proceeding to the graph$cal construction of the
Wall of the fourth part of the nozzle prepare a gemiellipse
of the type shown’ on figure 3Clon a special sheet of tracing
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.

,.-,

e=

paper, It Is assumed that

1

..-..c- -.., ~+1

the semtaxis b = —=
k-1

28

a = 3 = 100 millimeters and

f

----
“’1.4+1

= 2.45 units, that’ ii,
m

b = 245 millimeters.

2. On a separate sheet of paper draw the coordinate
axes Vr, Vz (the vector diagram of the velocities, fig,
31). Yrom point O draw a straight line at th4 angls
ct/2= 6°. !#itb radius r = 1.05 = 105 millimeters and
center O aa arc intersectthg the Vz axis is Ae-vcribed.

The segment of the arc included in the sector with angle
a/2 gives the velocity distribution at the initial eection
of the fourth part. On this arc po%nts 1, 2,’and 5 are
zirb$trarlly denoted~ The lines O-1, 0+2, and 04 are
the velocity vectors for tilissect%on’

Simultaneously with the construction of the vector
“velocit$ diagram construct the uppar half of the ax?al
section of the nozzle (fi,gt 32) bearing in mind that the
points on the graph of f$gure 32!and the end of ths corre-
sponding vect”ors in figure 31 are denoted by the same #’igure.

3. Determine the Mach lines passing through the potnts
1, 2, and 3 {fig. 32). Vor this purpose the semiellipse
(on tractng paper) is placed with its center (point 0) on
point O on figure 31 (fastened with a pin). On rotating
the semiellipse about its center find the position for,
which the curve of the ell-ipse falls on point I (there
may be two such postions), the direction of the Mach line
is drawn parallel to the major semiaxis (b) through point
1, figure 32. Xn the same manner determine the direction
of the Mach lines thrQugh points 2 and 3. At these points
the Mach lines are drawn for two directions according to
the two possible poattions of the major axis of the semi-
ellipse. point 4 (fig. 32) is obtaines as the point of
intersection of the Mach lines through points 2 and 3 and
point $ as the point of ixitessection of the Mach l!nes
through points 1 and 2,

,.,:-.~~)~be~,eloc.it$.es...~: the points 4 and 5 are determined
!n the fQXlowfng manner: through p’oitit2 (ftgO””’’”31)”&raw a
straight line parallel to the s’econdMach line passing
through the p~int 3 (but not 3 to 4)7 On the line drawn
thr~ugh p~int 2 (fig. 31) take a s~giuentequ~lto /5=

a=vrds/war ~ where w is tp~ vekoci%y at point 2 (equal
-.
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r. .,

to theve’ctor ~}, a.,%. ,, &l+lk~ ~s the velocity of
““2 “’2

sound at this point , Vr the component of the velocity

along the normal to the axis~ r the distance of potnt 2
{fige..32) from the axi8 , arid &s the magnitude of the
segment ,~~ (fig. 32). l?Qr point 3 the segment & is
determined in the same ways $n computing a the value
of w is determined from’the vector diagram in linear
units and to the same scale t~ which the diagrams are
drawn, The magnitudes r and ds are determined on th,q
diagtiam in millimeters; Vz is measured from the graph
of figure 31 with account taken of the scale.

The question as to.the direction in whtdh the segment,
8 should be laid off is solved by the following rule of
signs. The segment 6 iq &aid aff to the ‘rtght,that $s,
the projection of the vector ~ on the ‘z axis has a
positive direction iricase the product v% dz (vzz*e2)

is positive; otherwise the,segment 6 ie laid off to the
left●

1’ The magnitu~e dz is the axial component of the

velocity (fig. 32). For exag~~e, for point 2 (fig.,32:)
&z is equal te the segment iL4 (in the general case dz

I\ is equal to the vector from the point at tibichthe velocity
is known to the point where tt is sought), For the point
2 the magnitude v% is positive, the values vr2 - a2 and
d= are also positiva and therefore the segment is positivem,
The same is true for point 3. ,.

At the ends *he segments 6 are drawn perpendicular
with intersection point 4 (ftga 31). Connecting point 4
with the origin of coerdinatqz! the vector b-~-4 which”
determines the velocity at ‘potnt~-~~fgm 31) ts obtained%
To determine the velocity vector O - 5 (figti31) it iS
is necessary to determine the value of the segment & at
pOint 1. @or the,center of the jet.”r = O and Vr = O?,

5, Ileteratne, by the metho+ already described, the
Mach lirIQsthrough the poi~ts 4 @ird5.(fig. 32)? The
point 6 (fig. 32) is deterqtqed as the point of intersee-
t%on of thp MaGh line th?oug~ pglnt 5 with th~ ‘s axis
and point 7 QS the peint of intqrsectiop of the Mach %ines
through points 4 und 5*

Ir
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.6. I)ete”rminethe velocities at points 6 and 7.
-Thr..o,ugh...point,4.(<ig,q,31) draw a strafght line parallel
to 47 (figs 32) and paralle’1ha”’thb””hhichline through. ~~~~
point 4Jfigq_32)* praw::.through point 5 (fig. 31) par-
alels 57 and 56 (fig. 32}. On the straight lines Zay off
the segments 6* From the’ ends of the segments 6 draw
straight lines normal to them, the intersection of which
gives,points 6 and ?, The vectors ~ and ~~ are th~ vector
velocities at points 6 and 7’ (fig. 32).

7, l)e~ermine the Mach Ifnes through points 6 andv,
(fig. 32)* @otnt ~ 1S determined &s the point of intersec+
tion Of .thd Mach lines through potnts 6 and 7Q

84 X)ete?mize the velocity at point 4{fig, H2]. For
this purpose draw through point 7 (fig@ 31) a q’tratght
line parallel to the Mach I$ne through pbint 7 (but not %):
through point 6 (f~g. 31) a parallel to the Mach line throu~h
pOint 6 (but not ~). On the straight lines lay off the seg-
ments 6* Zt ehould tienot8d that at point 6 the value v= =

Or”= hence the value of 6 for pbtnt 6 is t~lcencorrespond+
ing to point 70 $roxnthe ends of 6 dram straight Itnss per-
pendicular to 6* Their intersection will gtve point 8 (figs

‘32).
,..

.-
40 Oetermine the Mach line$ through point 8 (fig* S2).

Point 9“is daterrnined as the point of intersection of the “
Mach line through point 8 with tlie a%is~

1.O’3etormin6 the velocity at point 9* For this pury
pose through point 8 (fig. ~1) draw a stral~ht line parallel
tc? the Iine through pofnt 8 (fig. 3?) (not ~), On thi~
Atraight line lay off the segmant ’ ijq From the’endk of th~
Bpgment 6. and perpondic,u3ar to the latter draw a straight
line whose fntersectton’with the Vz axiq will givg pofnt 9.

.

Having d~te’rmined p~$nt 9 the character of the flow in
the ~nt-ir~triangle of diftnition-1, 3? ap~ 9 is Obta$nedj
that is, that part of the flow which is ’entirely Reterroine(i
by tbe d$stributiou of tlie velocity in the initial section
and on which the part o#’ tbe va13 ly$ng to the right of the
inttial,,q~ctian has no effect.,,, ....._......... -----.%-.5 <....,.+> ,, ,

.. . . . . .. . . .. . . . .....
:.,

Next solve the problem of what shape it is necessary
to give the no%zle wall for a given velocity distribution
at the initial sectibn. in orde~ to obtain, at the outlet
section, a velocity constqnt in ’magnitude and dtrgctione
This ve~ocity sho~ld ’be equal to the velocity at the poitit

.—. ——
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-. 9 and,there,f.orq.,the ~a”chline from point 9 will be straights,,.

11, Draw the Mach line through p’oint9 (fig, ””’~2).
on

it take a number of points denoted by 9 with a subscript,
The va.locities at these points will all agree with the
vector ?% (fig* 31),

12. I)eterrntne tlae potnt 10 which is the point of
intersection of the Mach lirie through 8 and the second’
point 9*

,.
1%. ~etermine the velocity at point 10. “To do this,

draw through point 8 (fig.. S1) a straight line parallel to

~~ “(f’!g.32) and on it lay Q$f the segment 6. From the
end of.the latter draw a perpendi~ular line to intersect
with the straight line from point 9S The point of i,nter+
section will be the end of’the velocity vector at point

> 10.

14. Determtne the point 11 (fig,’32),mhioh is the
poi,nt of intersection of the Mach lines through points
? awl 10-

15, Iletermine the velocity at point 31. Yhe vector------
0 - 11 is the velocity vector a% point 11.

X6. Determine point 12 (fig. 32),Which is the point
of iatersect:on of the Mach lines through points 4 and 11..
ll~termine the velccity at point 12~ Fur this purpose draw
through p~~rit 4 (i.’i.g.31) a straight line parallel to the
segment 47 (fig. 32) and thr~ugk point 11 a line parallel——-- .
to the segment 7 - Lt. The vector ~~-1% determines the
velocity at peizat32.

,.
I?@ Determine point 13 (ffg~ ~ii),the point of inter-

section Of the Maah ~ine~ through p~ints 10 and 9. .,

18. Determine the velocity at paint 13 (fig, 321.---—-
The vector O -- 13 is the velocity vector et point 13
-(~o=~~=~&;3 and 10 (f$gc S1) practically coincided ).’,*=. “,,...... . ......... . .. ,,. !.

19. Petermine point 14”(fig~ 32), w~l’ichi$ the ~o’int
of intersection of the Mach lines through points 11 and 13.+

‘,
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-------
&o : 11 (fig. 33) hrough point 18 (fig, 31) drav-,,..-.
a line .pa”rallil’to 73 ‘(fig,32),

21, fietermine the point 15 (fig~ 32) which iS th6
point of intersection of the Mach lines through 13 and 9,

Thus a, sufficient number of’ points in ‘tPe angular
space 899~have been dtiterruined.g

229 The generator of the wall is obtained in the
fqllowing manner; through point 3 (fig. 32) draw a straight
line in the radial direction, that i$, piokon~ the wall of
the third part to intersect with the segment 4-~-~z and the
point of interse~tion a is obtainedi

The velocity at point a is obtained by linear inter-
polation, that is, the segment ~~-i~ (figP 3’1) is divided
in the same ratio in which a divides the segment 4 -- 32

-.——

(fig. 32)., The vectot ~~ (fig, Zl) thus obtained gives the
direction of the following segment of the wall generator to
the i,nter~ect”iQn with ~~ ‘Z-~Z which is drawn in figure 33
parallel to the segment ~~t and so forth, prolonged to
intersect with the line 99 and the latter point of inter-
section gives us the outlet section. I?orgreater clarity
the poifit. a and similar points are’ not shown on the dia.-
graln+

The results of the computation by the graphical con-.
struction are collected in a tabled The velocity w, cb-
tained at the outlet section, may be less than or greater
than the velocity vfli$chmust be obtained since the,ratio
wx/wc , was arb$tyartly assumed.< Assumi,ng, succPsSfvt31Yb

the values W+q = 0..2slP$, 1,8, and so forth? w~wc is
obtained for path ratio wX/w@ From the obtained values

of w~wc ‘fordifferent W+c dkaw the curve of wlvo as
& ‘funutioa of W+c (fig. “33)~ From the curve,find the
values of Wx[wo reqbired for tbe .gtvenveloaity,’ As may
be seen from’thq curve, for W/We =$ 900}483 = 1..8? the
value of wx/We = lp67,tiIt shouldb? noted’ that tbe cum
on figure 33 is true Qnly for the divergence angle a= 1?8--i,. and”’fl@r-tibe-’&t*chargerate< G = .L,!5kg/s.ec,qsgurns!..3.a~he.
computation.. The vector velocity ditigramandthe nOZZ3Q
section obtained for the giv~n veloctty with” WX/mc=l,”6’?
are shown in,f~gu~e 34.” Tb@ gqujvalent ~aval noizle (the+
straight line generating t~e wall) i? shown dott~d~.

~d$~
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!.’”%Figure .1.-
>.’. .,’, ,,, . _,, ,, ,,,

Figs. 1,2,3

Apparatus for measw$ng
the impulse of a jet with

IW+h+”j dynamometer and disk.

‘Figure 2.- Sketch of apparatus for measuring the reaction
force of a jet.

.-ml.

.

‘F’igure.3.- ,
Gefieral
view of
the’appa-
ratus
sketched ,

: in Fig. 2.

I
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1 I

FigWf3 10.-
Scheme of
two–dimen–
sional
supersonic
flow for
Pa> P. “

Figure 11.-
Scheme of
two-dimen-
sional
supersonic
flow for
Pa<Poe

;

Figure.
A battery
of Pitot
tubes.

P—=—— .—
P

A

?? 3

Figure 16.- ~
Sketches o“f
nozzles for
studying the
effect of the
inlet part.
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Figure 5.- Dynamic pressure in

supersonic flow com-
puted by the Raleigh formula,.

Figure 8.. Velocity and ~
stiatic m

pressure distribution . %
along the axis of a jet &
from a Laval nozzle.

—

.

Figs. 5,’7,8,9

l?igure7.- Velocity distribution
in the transverse,

cross-section of a jet from a,
conical Laval nozzle; 1

Distance from edge of nozzlo,”in-.

B-

FigiireS.- Two dimensional supersonic flow.

.
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,. .,.,.
Figure 6●– Mounting of static

.-tubein-flow. ~

Figure 12.- Spectrum of flow
showing sucked

in air.

. ... - ,,. .

..

.,.

Fi@re 24.- Flow spectrum for Figure 25.-
the conical nozzle.

,.

Flow spectrum for
the Frankl nozzle.
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Figs. 13,14,15.

I II

— .-—— -.--- .—. -—— -—

J7

Figure 13.- Sketch of conical
nozzle.

Figure 14.- Dis.
tribution of

dynamic pressure
,for two nozzles
with different
shapes of in- q
let parts
(x=20 mm).

-. 5 “5-*G o .25 .5
x/i)

D= Diameter of flow,
x= Distance from outlet section.

Figure 15.- ~ynamic pressure
and velocity

distributions for two nozzles
with different shapes of inlet
parts (along the,flow axis in
the working part).

D= Diameter of.fl,ow?
x= Distance from nozzle

outlet.

o .5 .1 lB5
x/D
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Figure 17.- Curves of variation of the sta’ticpressure and ve-
locity for the Stanton nozzle.

k g .’
P

Figure 18.- Static
pressure and

veilocitydistributions
along tineflow axis for
the conoidal nozzle, The
nozzle was oomputed for
w= 1.82c.

.....-=-- -, --- . ..,fi-+le - . ,!-...3..-

mm

........> J- ... ,--, ,-.

3igure 20.- Contour of nozzle constructed
by the method of Prof, Frankl.
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gi~rc 23,- Transverse velocity
distribution for

w/c = 2,54.
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Figure 22,- Trans~erse velocity distribution

for vjc 71.479
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Figure26,-

&iace angle

.
20 ‘ 30
aO

Dependence of the reaction
of the jet on the cliver-
of the nozzle.

,8Pth

Ja=EBa5mn=n-r--l

......... ..

‘1 1.2 1,4 1.6 1.8 2.0 2.2
da/ dc

Figure 27.- Dependenceof tilereactionof the
jet on ‘da/il~. ,“
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Figure 28,- Variation
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of IPWand &p With Po,.
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Curve of dependence of
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31.- Velocity vector diagram.
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Figure 32.– Axial section of the nozzle.
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Figure 34.- Vector velocity diagram and axial section of the
nozzle for w E 900 m/8ec.
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